This paper introduces a two-path model of the invention that comprises two processes: a long-term, ideadriven path, and a short-term, problem-solving path. The model focuses on individual inventors and includes the success factors for the invention that are known from the literature. The model resumes the line of research in independent inventors and responses to five open issues that are central to current research on inventors: the role of creativity; the high level of persistence amongst inventors; the role of knowledge; the permanent transgression of domains by inventors; success criteria. The paper contains an extended review of the state of research on inventors and presents current approaches to explaining inventiveness. A core assumption of the paper is to understand the invention in the context of long-term technological development.
1 Postscript July 2019: This paper presents the conclusions from six years of research with independent German inventors. The paper was written by Harald Mieg in 2010 and was intended as a team publication: Katrin Wolf conducted most of the empirical studies, Christian Hoffmann organized the contact with inventors, Stephan Bedenk helped finish the papers. Research was funded by the Hans Sauer Foundation (Munich) from 2004 to 2010. Following the (abrupt) end of funding, the research group dissolved; consequently, there was no time to discuss or submit the proposed paper. Unfortunately, the line of research also came to an end.
Introduction
The process of invention can be conceived of in two different ways, as a problemsolving process or as driven by a technological idea. We find evidence for both views. On the one hand, Henderson (2004a) describes inventors as expert problem solvers. In the same vein, the invention methodology TRIZ became the basis for teaching inventors problem-solving skills in the former Soviet Union (cf. Orloff, 2006) . On the other hand, Weber, analyzing the case of the Wright Brothers, shows the structurizing impact of the overall idea of achieving powered and sustained heavier-than-air human flight (1992a; 2006) . Similarly, in-depth interviews with successful inventors underline the influence of guiding ideas for the process of invention (e.g., Brown, 1988) . Therefore, we propose a two-path process model that integrates both process aspects-problem solving as well as guidance though a technological idea.
Inventors are still the 'black box' of the innovation process. We know that teamwork is indispensable in today's R&D, reducing the importance of the individual inventor (West, 2002) . However, we also know that, very often, a great share of a firm's patents-sometimes up to half of the patents portfolio-may be held by a single inventor (Narin and Breitzman, 1995) . Invention is generally regarded as a "distinct form of creativity" (Lemelson- MIT Program, 2003, p. 12) . However, creativity studies with real inventors are rare.
This paper reviews the literature on inventors and provides a model that integrates the common findings on success factors and the process of invention. In particular, it resumes an earlier line of discussion on independent vs. employed inventors (Dahlin et al., 2004; Lettl et al., 2009 ). The proposed model is valid both for independent inventors and top inventors employed within a company structure.
Review of Research on Inventors
This chapter first presents key findings (section 1.1) from research on inventors; secondly research desiderata, that is, open issues that any theory on inventors should answer (section 1.2). The current theoretical approaches will be introduced in chapter two.
Key Findings
The key findings are presented in three sections, starting with the most recent and notable large studies on inventors that represent more general approaches (1.1.1). The subsequent sections cover factors regarding the person of an inventor (1.1.2) and the process of invention (1.1.3). Figure 1 show how the key findings will be translated into research desiderata. Mieg Research on inventors is scarce. One of the earliest systematic studies on inventors was by Rossman (1930 Rossman ( /1964 . That study collected statistical data demonstrating, for instance, the often underestimated contribution of independent inventors to the national stock of innovations. Fortunately, some more recent studies focused on independent inventors. Dahlin et al. (2004) , studying independent inventors in the tennis racket industry, found independent inventors to be a heterogeneous group, "overrepresented both among the most impactful and the least impactful patents." Lettl et al. (2009) , analyzing patents in the medical equipment industry, revealed that technological specialization "pays off more" for independent inventors than for employed inventors.
Any deeper understanding requires research on inventors and their organizational contexts, or: inventors in context. Since the time of Rossman (1930 Rossman ( /1964 , the share in patents by independent inventors has constantly decreased. Whereas independent inventors accounted for about half of all patents in 1930 in the USA and other industrialized countries, in 2010 only 13.2 percent of US patents were awarded to independent inventors (compared with approximately 17 percent in Germany view" of the process of invention. The workshop report is a rich scientific source of insights on invention-related cognition. It defined the standard set of phenomena that need to be explained by any theory on human invention. Two results might be highlighted. Firstly, the productive role of failure. Inventors are accustomed to failure, and try to learn from it. Secondly, invention requires "boundary transgressions." Inventors draw upon knowledge and resources from any available source, "irrespective of disciplinary or other boundaries" (p. 9). David Perkins, who chaired the workshop, used the term "transgressive cognition," to summarize the workshop and point to the particular characteristic of invention: "the cognitive processes of inventive thinking are full of boundary transgressions -they cross boundaries all the time in various ways" (Perkins, 2004, p. 40 ).
The second milestone was the so-called "PatVal" study on the value of European patents (Giuri et al., 2007) . PatVal mainly comprised a survey conducted from May 2003 to January 2004. A questionnaire was submitted to the inventors of 27,531 patents granted by the European Patent Office between 1993 and 1997. The inventors returned 9,216 questionnaires covering 9,017 patents from France, Germany, Italy, the Netherlands, Spain and the United Kingdom. The PatVal study demonstrated the importance of large enterprises and cooperation in invention; only one-third of the PatVal patents involved a single inventor (p. 1114). Giuri et al. (2007) even concluded that "the available information in the patent files severely underestimates the actual extent of collaboration in the development of patents." (p. 1122) Moreover PatVal highlighted the role of education and specialized knowledge: 76.9% of inventors had a post-graduate education and 26% a PhD (p. 1111). It was concluded that customers are the most important source of knowledge for a particular patented invention (Giuri et al., 2007) .
Person
The following section addresses three topics. The first is creativity, as invention is always linked to creativity, invention being regarded as a "distinct form of creativity" (Lemelson- MIT Program, 2003, p. 12) . Secondly, we must deal with research on the skewed performance distribution, in which a few highly productive inventors hold disproportionately large numbers of patents. Thirdly, we will examine research on the personalities of inventors. Here, we will point to one of the most astonishing, and controversial, characteristics of inventors -their persistence.
Creativity
In general, psychological research on inventors is embedded in or derived from creativity research (cf. Mumford, 2003; Weisberg, 2006a&b) . A classical interpretation of creativity refers to "divergent thinking" (Guilford, 1967 the search space. A simple measure of creativity as divergent thinking is the number of ideas produced per interval of time spent working at a problem (e.g., King et al., 1996; McCrae, 1987) . In innovation research, Kirton (1976) argued similarly to Guildford, discriminating between adaptors vs. innovators. Innovators pursue new ideas and products, whilst adaptors fit them to current processes.
Applying this understanding of creativity, we would expect inventors to be innovators who tend towards divergent thinking. We find this interpretation, for instance, with Huber (1998, p. 238-9) who makes reference to Simonton (1988) and (Kirton, 1994) , and distinguishes between an "analytical-adaptor type" and an "intuitive-innovator type," the first being characterized by convergent thinking, the second by divergent thinking. According to Huber (1998) , top inventors are intuitive innovators. However, Wolf and Mieg (2010) conducted research on complex problem solving among inventors. In their experimental setting the correlation between an inventor's success and divergent thinking was non-significant. Similarly, the creativity researcher Weisberg sees little empirical evidence for the contribution of divergent thinking to the explanation of creativity (2006a, p. 589).
Productivity
Research on inventor productivity most often refers to studies with scientists, showing that the productivity distribution in science is skewed (e.g., Lotka, 1926; Price, 1963; Simonton, 1988) . Only a few inventors display high productivity, and most of them have comparatively low productivity (e.g., Ernst et al., 2000; Huber, 1998; Narin and Breitzman, 1995) . In a survey by Huber (1998) , the top 10% of inventors produced over 40% of all patents (p. 233). In an even more extreme example, Narin and Breitzman (1995) found that in the four semiconductor companies from Japan and the USA, the most productive inventor in each company accounted for more than half of its patents (p. 511). Highly productive inventors, therefore, appear to be rare.
As reported, research on independent inventors (Dahlin et al., 2004; Lettl et al., 2009) indicates that independent inventors form a heterogeneous group of either very successful or unsuccessful inventors. In a study on independent inventors holding patents in Berlin , about two thirds of the independent inventors received insufficient or zero revenue from their invention, with a net return of less than 5000 Euros/year. This clearly brings us to the question of how we should assess the success of inventors. Several studies have attempted to define impact-or market values for inventions (e.g., Giuri et al., 2007) . Wolf and Mieg (2010) proposed invention efficiency (IE) for relating the marketed value of patents to the number of patents. Using this measure, we find independent inventors who are fairly inefficient, producing large numbers of patents that are never marketed. A positive self-image seems to be a supporting factor in technological innovation (Hellström et al., 2002) . Henderson (2004b) emphasizes the role of emotional experience for inventors, for instance "affective pleasure in self-expression." In general, as Henderson's studies (2004a&b) reveal, inventors are intrinsically motivated, striving for mastery and pleasure -a characteristic supported by the PatVal study (Giuri et al., 2007) . To ascertain more about personal factors among inventors, Braun et al. (2009) tested inventors using standard psycho-diagnostic tools, covering the "big five" personality factors, risk behavior, efficacy, and selfconcepts. Unfortunately, their results showed no strong confirmation of any of the personality-based assumptions concerning risk behavior, efficacy, or self-concepts. Although inventors in general showed somewhat elevated scores for openness to experience, top inventors did not. The only robust result concerned the emotional stability of inventors, as they displayed very low scores for neuroticism (cf. Braun et al., 2009) . This trait appears to be a necessity for tolerating the high levels of frustration involved in inventing. Nonetheless, it is insufficient to explain inventiveness.
Inventors show a very high degree of persistence or perseverance in pursuing their idea (cf., e.g., Lemelson- MIT Program, 2003; Weber, 1996) . Inventors say, for instance: "An inventor may try hundreds of things that don't work and that gives most people the impression that he is somewhat crazy" (Brown, 1988, p. 85) , or: "To be an inventor you not only must have the idea, but also must believe in it so strongly that you're not going to take 'no' for an answer" (p. 289). In organizations, this persistence may lead to delayed project abandonment (Zayer, 2007) and the risk of increased development costs. However, resistance to an invention project may even strengthen the project and increase the success rate (Kriegesmann et al., 2007) . In cases that seem doomed to failure, Åstebro et al. (2007) attribute inventors' persistence to their greater optimism and even overconfidence. Braun et al. (2009) point to an increased frustration tolerance based on high emotional stability. Mieg (2010) emphasizes the cognitive aspect of persistence in inventorsa cognitive focus that allows for integrating any kind of information that might be relevant to realizing the idea in focus.
Process
In general, any invention requires resources, both financial and human (i.e., qualified personnel). Therefore, invention is most often considered as embedded in an innovation process in an organizational setting. Thus, invention is seen as a result of teamwork (e.g., West, 2002; Giuri et al., 2007) . In this section, however, we will focus on process characteristics of invention, given the necessary resources and organizational requirements. We start with heuristics, the classical cognitive process description of invention, and then turn to cybernetic aspects of invention such as recursivity and metacognition.
Heuristics
The word "heuristics" originates from Greek and fits perfectly with our context of inventive cognition, as "the art of discovery." Duncker (1935) introduced the concept of heuristics into psychology (cf. also Newell, 1985) . Newell and Simon (1972) popularized heuristics within the scientific community, describing them as mental procedures that explain human problem-solving behavior. Since then, a heuristic has come to mean a rule of thumb for efficient and effective problem solving; heuristics are "methods of solution which, in contrast to an algorithm, do not guarantee that a solution will be found" (Mieg, 1993, p. 31) .
In several studies, the psychologist Weber tried to determine the set of heuristics that are typical of invention (Weber et al., 1990; Weber, 1992b Weber, , 1996 . The three most frequently revealed heuristics are: (i) trial and error; (ii) analogy, i.e., importing solution ideas or patterns from foreign domains; and (iii) sub-goaling, i.e., splitting up a problem into a set or system of sub-problems that might be handled independently (cf. also Lemelson- MIT Program, 2003) . However, despite a number of attempts, no such set of heuristics has been found sufficient for invention, or refined to inventions/inventors (Mieg, 2010) .
Cybernetic aspects
Whilst heuristics refer to the art of discovery, cybernetics refer to the control of processes such as discovery. We want to introduce two such cybernetic aspects, recursiveness and metacognition. We start with prototypes as a practical aspect of the invention process.
Artur Fischer, the German inventor with the most patents, wrote about the process of invention (Fischer, 1987) . He understood the invention process as a sort of problem solving backed by patenting. The way he described his inventions, such as the flashlight cube or the nylon plug, can be interpreted as a constant reworking of prototypes. Prototypes are first models of the invention that demonstrate the principle and allow for an understanding of the technical and physical relations and problems of an invention. On a more abstracted level, Arthur (2009) points out that invention is a recursive process at several levels. At the general level of technological development, any invention is a recombination and adaptive refinement of existing technologies and principles -in the way that innovation was already understood by Schumpeter (1934 Schumpeter ( /1911 . Thus, in general, several inventors or teams are working and reworking similar problems at the same time and may learn from each other to handle the problem technologically. At the level of particular inventions, any invention process is recursive in that it repeats the entailed specific sub-problems until each of them can be physically and practically mastered. Recursiveness is also at the heart of what Gardner (1997) called leveraging by extraordinary minds: to repeatedly use a specific, excellent skill in order to overcome the lack of knowledge or skills in other domains. For instance, the Montgolfier brothers intensively capitalized the know-how of paper manufacturing -their family's business -for their inventions, including balloon-flight.
A further cybernetic aspect is metacognition. This refers to higher-level principles and procedure to steer and control cognition, including the application of heuristics.
Metacognition is thus knowledge about one's own knowledge; it is generally considered as a core cognitive characteristic of top experts (Feltovich et al., 2006, p. 55) . In a study with inventors, Wolf and Mieg (2010) found that a metacognitive measure can best explain performance differences among expert inventors, namely the deliberate control of divergent and convergent thinking. In their experimental setting, this variable identified the top 10% performers. In inventors, the controlled trade-off between divergent and convergent thinking means both sparkling creativity and goal-oriented, systematic control.
Five theory criteria: What is to be explained in invention?
Any theory on invention that takes into account individual inventors has to clarify some aspects of the invention process or explain some specific phenomena in inventors, respectively. Figure 1 shows these research desiderata and their derivation from the state of research. The five desiderata comprise three open issues indicated by question marks (knowledge, creativity, success) and two phenomena indicated by exclamation marks (transgression, persistence). Figure 1 also contains two further postulations that here do not have the status of desiderata, namely inventors in context and a process model. A process model is a wish that might not be feasible or which can only be realized in a normative way. Furthermore, to view inventors in context is common in innovation theories, however, it might be too rigid a restriction for a theory on inventors. There are possible theories of inventors that lack any contextual aspects. Ericsson et al., 2006) , then professional inventors should be highly specialized and boundary transgression unlikely.
E) Open issue: Success
How can we measure the success of inventors? Patents are the most widely used success criterion. However, there are arguments to better integrate the market success of an invention, the technological impact and/or the general creative output of an inventor into the success criterion.
Figure 2 (upper panel) provides a classification of the five research desiderata. We have two general issues (the role of creativity and knowledge) and two inventorspecific phenomena (transgression of domains, persistence). Each of the phenomena contradicts, to some extent, one of the general issues and fits the other one. For instance, the high persistence of inventors does not fit the idea of creativity in the form of divergent thinking; under the latter, we would expect inventors to shift their attention to other topics when difficult problems arise. The success criterion adds to the set of any other criteria. Figure 2 (bottom panel) also contains the positioning of current approaches that will be presented in the next chapter. 
Current Approaches
In the following, we present six different approaches that have a certain focus on the individual inventor. Each approach will be discussed with regard to the five explanatory criteria.
2.1 Creativity (cf. Fig. 2 : Cr)
Creativity is a multifaceted term. In science, it can be both a phenomenon to be explained (creativity as explanandum) and a psychological factor that may explain other phenomena such as one's interests and vocational choice (creativity as explanans). Divergent thinking is an example of creativity as a psychological factor. In contrast, Weisberg (2006a) attempts to explain creativity in science, the arts, or invention as the product of problem solving that involves ordinary cognitive processes. Often, creativity theories lie somewhere in-between and try both to explain creativity itself and to use it as a factor for further explanations, for instance, Sternberg's investment theory of creativity (e.g., Sternberg, 2003) . From this perspective, creativity is based on a decision to promote ideas that seem unpopular. Such decisions require specific intellectual skills, knowledge, thinking styles, personality, motivation, and a supporting environment. For Sternberg, creativity is "as much a decision about and an attitude toward life as it is a matter of ability" (2003, p. 109) .
To apply creativity research to invention, a further distinction seems useful: earlyvs. late-cycle capacities (cf. Mumford, 2003) . The early cycle refers to the production and selection of ideas, the late cycle to their implementation. This is the difference between inspiration vs. perspiration, addressed by Edison's remark: "Genius is one per cent inspiration, ninety-nine per cent perspiration" (1932) . Similarly, Weisberg (2006a) distinguishes between problem finding and problem solving. However, even though almost all the time required for the invention process is dedicated to implementation, as a form of problem solving, the core and value of any invention is contained in its guiding idea. This is clearly expressed, for instance, by the German DABEI-Handbook (DABEI, 1987) , written by some of the most impactful German inventors for their colleagues: four of ten steps of the invention process (=40%) concern the preparation of finding and evaluating one's ideas, the invention process reaching from idea formation to the problem of finding a suitable successor for one's successful firm.
Discussion: Creativity as the core factor of inventive thinking would also make plausible the tendency of inventors to transgress domains (criterion D) and could provide us with a simple measure for success (E): the ideas produced, as to number and quality. However, from the perspective of creativity as divergent thinking, the role of knowledge remains unclear; the inventors' persistence would seem implausible: in case of severe challenges, for instance when a solution seems technologically infeasible, we would expect inventors to broaden their perspective and to easily switch to other matters. In reality, many top inventors are highly focused and stick to their original invention idea (Mieg, 2010 ). An answer might come from Sternberg's investment theory of creativity (2003): the inventor sticks to their idea because it represents a personal investment, relevant to one's life and social identity.
2.2 Complex Problem Solving (cf. Fig. 2: CPS) Complex problem solving refers to the study of human behavior under complexity (Sternberg and Frensch, 1992; Frensch and Funke, 1995) . A classical reference for this kind of research is the work on general problem solving by Newell and Simon (1972) . However, this field of study arose from the increasing conviction that empirical results derived from studies using general, simplified tasks cannot be applied to more complex and ill-defined real-life problems. (Pretz et al., 2003, p. 9 ). According to Dörner (e.g. Dörner et al., 1983) , problem situations can be considered as complex when they consist of many, partially connected variables that change dynamically and whose inter-relations are not transparent to the problem solver. Dörner and Schölkopf (1991, p. 219) coping with complex problem situations by being "a player who pays close attention to the relative configuration of the facts at a given time, aiming all the while at adapting current behaviour to the changing environment and constraints." Research on complex-problem solving today is sometimes addressed as naturalistic decision making (e.g., Zsambok and Klein, 1997) .
Sometimes inventors are considered as expert problem solvers (Henderson, 2004a) . As already mentioned, Weisberg (2006a) considers creativity in general as a form problem solving based on ordinary thinking. A perfect example of complex problem solving in invention is TRIZ, a toolbox for invention developed by Altschuller during the time of the former Soviet Union (cf. Orloff, 2006) . The core idea is to detect seeming contradictions in the definition of a complex problem. Any type of contradiction can be matched with the set of solution principles that Altschuller derived from analysis of 9000 patents.
Discussion: From the perspective of complex problem solving, the role of knowledge seems clear (B), for instance when defined as expertise in complex problem solving above. Similarly, success criteria have been introduced, such as performance in complex, computer-simulated world scenarios (cf. Wolf and Mieg, 2010) . Within this approach, persistence can be explained through the difference between the present state of work and the fixed, targeted solution (B). Central to the complex problem solving approach are heuristics, more or less general cognitive procedures, thus from this point of view inventors may be expected to cross domains in order to find solutions. Thus the transgression of domains is explained (D). However, the role of creativity remains undetermined (A), especially regarding early-cycle capacities (see 2.1). Idea formation or problem finding, respectively, generally transcend problem solving.
2.3 Expertise (cf. Fig. 2: Ex) An option for explaining inventiveness is based on the psychology of expertise . In the last 80 years, expertise has been studied in a wide range of domains, ranging from chess and medical diagnostics to sports, music, and professional fields such as architecture or teaching. There is a set of several general findings. Requirements for the development of expertise are:
• A long period of individual training (deliberate practice), often 10 or more years, in order to become an expert. • A strict domain specificity: Expertise in a domain cannot generally be transferred to problems in a neighboring domain. According to this view, top inventors are invention experts -or masters of invention. Indeed, as interviews with inventors revealed, successful inventors demonstrate a very strong motivation towards mastery (Henderson, 2004b) . We also know that formal knowledge might the fundament of invention success, as the PatVal study revealed a very high level of academic education among inventors holding patents (Giuri et al., 2007 (Giuri et al., , p. 1111 ). Moreover, the educational level correlates with the number of patents . However, we know little about the core or content of the invention expertise. Friedhart Klix, a psychologist who for half a century studied human information processing, including the historical evolution of inventions (1993) , concluded that inventiveness must be based on functional knowledge concerning technology and physics (Klix, 2005) .
Discussion: The psychology of expertise represents a strong paradigm that can explain almost all explanation desiderata, in particular the roles of knowledge (C), performance measures (E, cf. Ericsson, 1996) , and persistence (B), the latter being related to deliberate practice and mastery as motivation. Ericsson (1996 Ericsson ( , 1999 , the doyen of the psychology of expertise, even understands inventive creativity (A) as a characteristic of top experts in general. However, the expertise-approach is entirely unsuited to explaining inventors' disregard for domains. Experts are bound to their narrow domain, whereas inventors transgress domains (D).
2.4 Entrepreneurship (cf. Fig. 2 : Ent)
The very well known inventors such Thomas Alva Edison (USA), Artur Fischer (Germany), or Nakamatsu Yoshirō (Japan), are or have also been entrepreneurs. In this vein, almost all European institutions supporting and advising inventors attempt to guide or even push inventors into entrepreneurship. However, many successful inventors employed in R&D laboratories do not display any entrepreneurial ambition (Kassicieh et al., 1997) . The desire among inventors, including independent inventors, to become an entrepreneur does not seem to be higher than in the general population.
Entrepreneurship requires the will and capability to establish and run a company. An entrepreneur takes risks in many sectors -financially and socially. Following the classical understanding by Schumpeter (1934 Schumpeter ( /1911 , entrepreneurs are innovators who deconstruct existing resource combinations in order to create new products, processes, or markets. From this point of view, an invention is only one input factor of innovation, as innovation implies the successful commercialization of an invention. Schumpeter called the work of entrepreneurs "creative destruction" (1942), as innovations replace or eliminate existing products, processes, or institutions.
Discussion: As Table 1 shows, understanding inventors as entrepreneurs would explain many of the desiderata. In particular, we would have a clear success criterion for inventions: success in the market. In the Lemelson-MIT workshop on invention, collaboration was considered so essential that one participant referred to inventors as intellectual bridges: "Because invention is so contextual, inventors can be thought of as intellectual bridges" (Lemelson- MIT Program, 2003, p. 19 ). An interpretation of 'inventors as intellectual bridges' is provided by the situated cognition approach (Clancey, 1997; Resnick et al., 1997; cf. Mieg, 2010) . This approach examines inventors in the context of socially distributed work and socially shared knowledge. The concept of situated cognition is well-suited, for instance, to explain expertise in laboratory settings (e.g. Collins, 1985) . From this perspective, becoming an inventor consists of a productive adaptation to a particular social and technological setting. One presupposition of situated cognition is that knowledge, theories, and language are tools or instruments that are socially shared. Accordingly, any invention is contextual, and innovation processes are best explained via networked expertise (Hakkarainen et al., 2004) , the inventors being only one element.
Situated
Discussion: The situated cognition approach fulfils many of the theory requirements; for instance, domain transgression (D) could be explained by the embedding of experts in supra-domain networks. However, both the success criterion (E) and the persistence phenomenon (B) would lack a clear explanation from this point of view. The situated cognition approach is compatible with some approaches of organizational innovation (e.g., Hauschildt and Kirchmann, 2002) . Generally speaking, this approach has more to do with innovation than invention.
2.6 Possibility Filter (cf. Fig. 2: PF) An inventors-specific approach is provided by the concept of the "possibility filter" introduced by Robert Weber (2006): "In my interviews with inventors, and in the case of the Wrights, the inventors tend to view the world in an unusual way: through the eyes of possibility" (p. 5). The central element of this concept consists of the technological vision, in case of the Wright brothers, "the flight problem" of achieving powered and sustained heavier-than-air human flight. This technological vision defines a directed, cognitive space. The possibility filter "means that the inventor sees the world in a different way: not as it is but as it might be" (p. 6). Thus, the possibility filter leads to the:
• Selection and integration of new information (even failure);
• Generation of knowledge (via metacognition);
• Definition of developmental paths / trajectories (personally and technologically).
In particular, the possibility filter recognizes a common phenomenon reported in interviews (e.g., Brown, 1988) , namely that inventors try to integrate or test any type of information from any source (technological, private, social...) in order to realize their technological vision. It is for that reason that analogy is an important heuristic in invention. The concept of the possibility filter makes it possible to describe invention both at the individual level and the socio-technological level, for instance, in the case of the historical perspective of the flight problem. Therefore, the possibility filter approach fits with higher-level models of the invention process (Lienhard, 2006; Arthur, 2009 ) that emphasize the general technology development as well the existence of a need or public purpose that initiates the invention process.
Discussion: The concept of the possibility filter implies a contextualization of invention, as the inventors provide technological visions. We can even say: the inventor becomes an instrument of the realization of his/her vision. Therefore, possibility filters are not domain-specific; rather a possibility filter creates its own domain. Inventors serve as 'domain pioneers.' Thus, the possibility filter approach explains many of the phenomena related to inventors (such as their persistence that -from this point of view -is caused by the dominance of and fixation upon the original idea. Table 1 : Theory approaches to invention. * A: Important role of creativity, B: Persistence, C: Important role of knowledge, D: Transgression of domains, E: Success criterion; +: can be explained; ++: is basic to this approach; ?: unclear; -: the approach implies the contrary. Table 1 summarizes the introduced research approaches to invention. It also indicates the level of explanation (individual or supra-individual) and the focus in the innovation process (on invention specifically or on innovation in general). In addition, Figure 2 (bottom) shows the positioning of the six approaches. The arrows hint at two of the many theory shifts in this field. For instance, Hakkarainen et al. (2004) developed the "networked expertise" approach, moving out of a general expertise research framework. Their approach is of a situated cognition type and represents the kind of system seen in Finland for understanding and implementing innovations. The second arrow, from CPS to PF, represents the move by Weber (1996 Weber ( , 2006 from intense research on inventors' heuristics to his possibility filter approach. Figure 3 displays the two-path process model of invention. It focuses on the individual inventor, and is intended to explain individual inventors' potential for success. Organizational or technological conditions are defined as boundary conditions or external inputs. The model basically consists of two processes or paths (dashed lines), two necessary conditions (creativity, emotional stability), and seven supporting conditions (arrows), conceptualized as on/off conditions (0/1).
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From invention to innovation
The Model
The two main paths are: a problem-solving path, and an idea-driven one, each with a feedback loop. Problem-solving may temporarily form part of the idea-driven path. Both paths involve the application of heuristics. The idea-driven path has a longer time-perspective than the problem-solving path and includes long-term learning in feedback loops (technology, markets, or organizations). Therefore, the present takes much longer for the idea-driven paths, whereas for the problem-solving path all previously solved problems lie in the past.
Our core assumption is that invention is about technology and technological development. Thus, knowledge comes into play, and creativity is limited to technology. The further assumptions with regard to the research desiderata are: A: Role of creativity: Creativity is understood as an initial, necessary condition, not as a success factor. In inventors, a further increased creativity does not seem conducive to successful invention (Braun et al., 2009 ); B: Role of knowledge: Both technical-functional knowledge and a higher education in science & technology are considered as factors that support the success of inventors; C: Persistence: Persistence in inventors can be explained by their high tolerance for frustration (emotional stability), often in combination with a fixed idea; D: Transgression of domains: This can be explained by the use of heuristics; E: Success indicator: There is a series of success criteria, starting with patents as the most general one. Then comes marketed patents (i.e., the number of patents that are valued by the market). Finally, we have invention efficiency (IE) as a measure relating outcome to effort (Wolf and Mieg, 2010) .
The model distinguishes initial necessary conditions and supporting conditions. The two necessary conditions (i.e., starting requirements) for any inventor are: a high level of creativity and a high level of emotional stability (cf. Braun et al., 2009 ). The seven supporting conditions (arrows), conceptualized as on/off conditions (0/1). supporting conditions for successful inventors are: 1) Technical-functional knowledge (Klix, 2005) ; 2) Higher education in science & technology (Giuri et al., 2007; Mariani and Romanelli, 2007) ; 3) Metacognition: deliberate control of divergent and convergent thinking (Wolf and Mieg, 2010) ; 4) Patenting know-how: inventor themselves, or their firm ; 5) Organizational support (e.g. Hauschildt and Kirchmann, 2002) ; 6) Reworking prototypes (Fischer, 1987) ; 7) Feedback in one or more arena(s): -Technology (Lienhard, 2006; Arthur, 2009 ); -The market (cf. DABEI, 1987); -The organization (Hoisl, 2007; Gambardella et al., 2007; Blind et al., 2006) ;
The focus in one or more of the arenas may lead to different sorts of inventors, namely to:
• Inventors who are dedicated to long-term technological development, such as the Wright brothers; • Inventors who invent for their customers, such as the firm IDEO; • Inventors who build up different forms of local and transnational, private, and public invention organizations, as in the case of Ludwig Bölkow, the father of Airbus.
The supporting conditions are considered as binary on/off conditions, which may be fulfilled or not. Therefore, these conditions cannot over-compensate one another; an extraordinarily increase in one condition (e.g., higher education) cannot compensate the lack in more than one other condition.
Further propositions or assumptions of this two-path process model are: 1) Invention is idea-driven and/or problem-driven. Idea-driven means: a big idea becomes reality (e.g., "to fly"). Problem-driven means: an urgent problem has to be solved. An idea-driven invention defines a long-term project and may include problem-driven sub-processes. 2) Every invention project has two aspects: a resolution or problem-solving part (e.g., solve this puzzle) and a copyright part (it's my idea!). For employed inventors, the resolution part dominates; independent inventors are often very much concerned with the copyright issue.
3) The invention process is supported by several heuristics, primarily: sub-goaling, trial & error, and analogy (cf. Mieg, 2010) . We can further add intuitive heuristics (e.g., to sleep on a problem) and systematic heuristics (e.g., failure analysis of previous solutions; complete search of the space of possible solutions). The use of specific heuristics is not a success factor. 4) In general, learning by inventors is confined to one arena (technology, markets, or organization), as the arenas have different logics and thus provide different optimization conditions. 5) The less productive an employed inventor, the more important is his/her organizational support. 
Discussion
The two-path model rests on the assumptions that the input of creativity to successful invention is limited and that invention is -in many cases -a distinctive phenomenon within innovation processes. Both assumptions can be questioned. Therefore, the discussion will touch the issue of creativity (4.2) as well as the role of inventors in innovation processes (4.3). We will start, however, with a general discussion on how the two-path-model meets the research desiderata (4.1).
The Two-Path Model in the Light of the Research Desiderata
The two-path model bases on empirical research conducted in the context of the Lemelson-MIT workshop (2003) "The Architecture of Invention," the PatVal study (Giuri et al., 2007) , and studies on independent inventors (Dahlin et al., 2004; Lettl et al., 2009; Braun et al., 2009 ). It differs from other invention process models in that it is not normative and allows for non-technological context factors. For instance, the DABEI model is normative (DABEI, 1987) , demanding a high degree of self-reflection by inventors. In contrast, the TRIZ model focuses on physicaltechnological matters (cf. Orloff, 2006) . As mentioned, the inclusion of contextual factors is not a necessary feature, as there might exist theories about inventors that are more-or-less context-free. The two-path model is not a theory, as it arrays single conditions without ensuring semantic consistency among conditions and assumptions, as a true theory would require. However, the model is testable and should guide further research.
The two-path-model attempts to meet the research desiderata (see section 1.2), comprising two phenomena (persistence, transgression of domain) and three open issues (creativity, knowledge, success). In general, the model focuses on knowledge and motivation at the cost of creativity. Creativity is considered necessary for invention but not sufficient for inventive success. Knowledge appears in several components of the model: technical-functional knowledge; higher education; patenting know-how; heuristics. Furthermore, an increase in knowledge is implied by the several learning mechanisms that the model provides: in the many feedback loops as well as through the reworking of prototypes. Motivation is incorporated in the two (idea-driven and problem-solving) paths. Thus, the two-path model attempts to capitalize as much as possible from the benefits of the problem-solving and expertise approaches to invention (sections 2.2 and 2.3).
Our model supposes that successful inventions are commercialized in some way. Inventions are considered as part of the innovation process. The ideal measure would be the overall technological contribution of an invention, or: the breakthrough potential. For logical reasons, the breakthrough potential cannot be assessed in advance. The best available success measure for inventions is patents. However, it is obvious that we have to value patents. One common option is to assess patent-to-patent citations (e.g., Lettl et al., 2009 ). The two-path model suggests adding a form of market value, for instance, to enable investors to estimate or narrow down the economic revenues of the patents they hold (Wolf and Mieg, 2010) . Then we obtain a measure for successful or even efficient inventors that includes both their number of patents and an economic valuation. Again, the economic value is not an ideal measure; it is the best available measure for how companies and other market players estimate the long-term potential of any invention.
Creativity
Creativity is the most important approach when it comes to explaining invention. Then, great inventions fall into the same class of phenomena as other extraordinary products of creativity, such as great works in literature and the arts or milestones in scientific discovery. The two-path model shifts the focus from creativity to technology. We believe that invention is more about improving technology than applying creativity. This focus allows us to study inventions from the perspectives of ordinary inventors employed in the R&D departments of mid-or high-tech companies. We do not believe that any ordinary inventor makes a decision to invest in an idea in order to become different to other people -as we could derive from the investment theory of creativity (Sternberg, 2003) . Rather, we see a motivation for solving problems by advancing technology. However, this remains an empirical question.
However, we do not support Weisberg's (2006a) interpretation of creativity as problem solving with regard to inventions. Many inventors are driven by a specific idea that does not need to directly respond to a specific personal or general problem. Therefore, we included an idea-driven path in the process model. Moreover, many inventors are very much concerned with the copyright problem and hide their ideas even at the risk of lacking contact with customers or access to companies and other supporting structures. Turning an idea into a product indeed requires problem solving, and involves -as emphasized in the Lemelson-MIT workshop (Perkins, 2004, p. 40 ) -the transgression of domains. In this context, Weber provided much evidence for the use of heuristics in the invention process (Weber et al., 1990; Weber, 1992a&b; Perkins and Weber, 1992) . This has been accounted for within the two-path model.
A final word on the concept of creativity: One may be tempted to use the creativity concept to explain novelty. However, if novelty represents discontinuity, then creativity might turn out a pseudo-explanation and is just an indicator for a lack of any explanation, or another word for chance. Consequently, the problem-solving approach to creativity (section 2.2; Weisberg, 2006a) does not really take into account the building of the technological idea (i.e., finding and defining the original problem to be solved). If we try to view the building of the technological idea from the problem-solving approach to creativity, then the agent of problem solving might change, and we would have to turn to society or mankind as the original "problem solvers" for great ideas such as human flight. To avoid such conceptual stress, an approach like Weber's possibility filter (2006) seems more adequate for explaining inventions: They are born out of the possibilities provided by the contemporary technological state-of-the-art.
The Role of Inventors in the Innovation Process
In general, invention is only one step in an innovation process. Most inventions are based on collaborative work. The authors of the PatVal study even argue that collaboration is severely under-estimated (Giuri et al., 2007) when using patent data. No wonder that company size is the best predictor for the productivity of employed inventors (Blind et al., 2006; Gambardella et al., 2007) . Moreover, collaboration is not confined to a firm. Collaboration occurs within networks of inventors or researchers, and there is the collaboration in a weak sense of a technological field: all the inventors, firms, and teams working on a group of related problems. This is why Arthur (2009) hints to the fact that no invention happens "out of the blue" but is carried on by a public need and embedded in a technological status quo. In the same vein, a possibility filter functions as a trajectory for technological development.
Even though innovation is a collaborative effort, we stick to the focus on individual inventors as a distinct phenomenon of the innovation process. There are at least three, partly interrelated reasons. Firstly, the phenomenon of independent inventors (Dahlin et al., 2004; Lettl et al., 2009; Braun et al., 2009 ). Independent inventors still make a substantial contribution to the stock of high-potential patents. Independent inventors also work as professionals in a similar manner to physicians or accountants, and there is no reason to deny them the status of a professional group. Secondly, the phenomenon of highly skewed distribution of productivity among inventors (e.g., Ernst et al., 2000; Huber, 1998; Narin and Breitzman, 1995) . A company may depend on the extraordinary patenting productivity of just a few of its many R&D employees. Although supported by contextual factors, this increased productivity can be considered a personal characteristic of individual inventors, a fact that makes it worth conducting research on this group. Thirdly, the phenomenon of increasing returns from the individual stock of inventing knowledge-in other words, a growing invention competence. As Weisberg (2006b) showed, the '10-year-rule' also applies to inventors: It takes a long period of "deliberate practice" (Ericsson et al., 1993) to become an expert inventorsimilarly to experts in other domains.
What, then, is the role of the inventor in the innovation process? In the context of the Situated Cognition approach (section 2.5), inventors were termed "intellectual bridges" (Lemelson- MIT Program, 2003, p. 19) due to the importance of collaboration in invention. This would also hold from the perspective of the twopath model, as we can claim: Inventors are intellectual bridges to technology; they are a necessary component of technological change.
